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Environmental	 differences	 influence	 the	 evolutionary	 divergence	 of	 mating	 signals	
through	selection	acting	either	directly	on	signal	transmission	(“sensory	drive”)	or	be-
cause	 morphological	 adaptation	 to	 different	 foraging	 niches	 causes	 divergence	 in	
“magic	traits”	associated	with	signal	production,	thus	 indirectly	driving	signal	evolu-
tion.	Sensory	drive	and	magic	traits	both	contribute	to	variation	in	signal	structure,	yet	
we	have	 limited	understanding	of	 the	relative	role	of	 these	direct	and	 indirect	pro-
cesses	during	signal	evolution.	Using	phylogenetic	analyses	across	276	species	of	ov-
enbirds	 (Aves:	 Furnariidae),	we	 compared	 the	 extent	 to	which	 song	 evolution	was	
related	to	the	direct	influence	of	habitat	characteristics	and	the	indirect	effect	of	body	
size	and	beak	size,	two	potential	magic	traits	in	birds.	We	find	that	indirect	ecological	
selection,	 via	 diversification	 in	 putative	magic	 traits,	 explains	 variation	 in	 temporal,	










functional	 consequences	 for	 mate	 choice	 and	 species	 recognition	
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of	sexual	selection	and	social	competition	(Grether,	Losin,	Anderson,	




of	 ecology	mediated	by	habitat	 differences	was	once	 considered	 to	
be	 relatively	 straightforward,	 recent	work	has	highlighted	 increasing	
disagreement	about	the	ecological	mechanisms	underlying	signal	di-










beak	 size	 (Podos	&	Nowicki,	 2004b)	 in	birds.	 Such	 traits	 have	been	




Direct	 and	 indirect	 ecological	 selection	 on	 mating	 signals	 are	
not	 mutually	 exclusive	 and	 both	 have	 been	 demonstrated	 individ-
ually	 across	 a	wide	 array	 of	 taxa	 and	 signal	 modalities	 (Boughman,	






















tend	 to	 have	 slower	 pace,	 lower	 frequencies	 (e.g.,	Morton,	 1975;	
Ryan	&	Brenowitz,	1985;	Wiley,	1991),	and	more	pure	tones	(e.g.,	
Richards	 &	 Wiley,	 1980;	 Wiley,	 1991;	 Wiley	 &	 Richards,	 1978)	
than	those	of	species	found	in	open,	grassland	habitats.	This	form	
of	 sensory	 drive	 (often	 termed	 “acoustic	 adaptation”)	 has	 shaped	
the	evolution	of	bird	song	in	most	species	examined	(reviewed	by	
Slabbekoorn	&	Smith,	2002a).	However,	a	meta-	analysis	found	sup-







ences	 in	body	size	 (Grant,	1968),	which	 in	 turn	places	 limits	on	 the	





Similarly,	 the	 beak	 is	 under	 strong	 selection	 in	 the	 context	 of	
foraging	and	 food	manipulation	 (Grant,	1968;	Herrel,	Podos,	Huber,	
&	Hendry,	2005)	and	 is	used	 in	coordination	with	vocal	 tract	move-
ments	to	modify	sound	(Goller,	Mallinckrodt,	&	Torti,	2004;	Westneat,	
Long,	Hoese,	&	Nowicki,	1993).	This	has	particular	 relevance	 to	 the	
widespread	trade-	off	between	rates	of	sound	production	and	the	fre-
quency	bandwidth	of	sounds	(Derryberry	et	al.,	2012;	Podos,	1997).	
This	 trade-	off	 has	 a	 triangular	 distribution	 because	 sounds	 pro-










2009;	Derryberry	 et	al.,	 2012;	Huber	&	Podos,	 2006;	 Podos,	 2001;	
Seddon,	2005;	Tobias	et	al.,	2014).
1.3 | Relative roles of sensory drive and magic traits
Despite	 extensive	 research	 on	 both	 direct	 and	 indirect	 sources	 of	
ecological	 selection	 on	 bird	 song,	 we	 are	 only	 aware	 of	 two	 stud-
ies	 considering	 both	possibilities	 in	 tandem	 (Mason	&	Burns,	 2015;	




that	body	size	was	more	 important	 than	habitat	 in	 the	evolution	of	
song	 in	 tanagers	 (Thraupidae),	 but	 no	 information	was	 available	 re-
garding	beak	size.	Thus,	we	still	have	only	a	limited	understanding	of	
the	relative	roles	of	these	mechanisms,	partly	because	comprehensive	




sess	 the	 relative	 roles	 of	 direct	 and	 indirect	 ecological	 selection	 on	
song	diversification	 across	285	 species	of	 ovenbirds	 (Furnariidae),	 a	
diverse	clade	with	comprehensive	data	on	phylogenetic	relationships,	
morphology,	 and	 song	 (Derryberry	 et	al.,	 2012;	Tobias	 et	al.,	 2014).	
Ovenbirds	are	an	ideal	system	because	they	exhibit	high	diversity	in	
both	habitat	preferences	and	morphological	characters	associated	with	




&	Tobias,	2014),	 their	 songs	appear	 to	be	 innate	with	 song	 learning	
limited	or	absent.	This	minimizes	the	effect	of	cultural	processes	on	
song	 evolution	 (Mason	 et	al.,	 2017;	Weir	 &	Wheatcroft,	 2011)	 and	








larger	 body	 size	would	 produce	 lower	 frequency	 songs	 (Nowicki	 &	
Marler,	1988)	and	that	species	with	larger	beaks	would	produce	songs	
at	a	slower	pace,	narrower	bandwidth,	and	lower	vocal	performance	
(Huber	 &	 Podos,	 2006;	 Podos,	 2001).	 Finally,	 several	 studies	 have	














classifications	of	Marantz	et	al.	 (2003)	and	Remsen	 (2003),	 including	
more	 recent	modifications	modified	 according	 to	more	 recent	 stud-
ies	 (Chesser,	 Claramunt,	 Derryberry,	 &	 Brumfield,	 2009;	 Claramunt,	
Derryberry,	Chesser,	Aleixo,	&	Brumfield,	2010;	Derryberry,	Claramunt,	
Chesser,	 et	al.,	 2010;	 Derryberry,	 Claramunt,	 O’Quin,	 et	al.,	 2010;	
Remsen	 et	al.,	 2011).	We	 included	 four	 data	 sets	 within	 this	 study:	
vocal,	morphological,	environmental,	and	genetic	(Figures	1	and	2).	Our	
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2.2 | Song data
Many	 species	 of	 ovenbirds	 have	 a	 wide	 vocal	 repertoire	 including	




















per	 taxon	where	 possible	 (mean	±	SD:	 6.6	±	5.4	 individuals	 sampled	
per	lineage).


















bandwidth.	We	then	calculated	a	 linear	 regression	using	 these	maxi-
mum	values	 (n	=	20)	to	determine	the	equation	for	this	upper-	bound	
regression.	 Sampling	 limitations	 inherent	 in	 this	 traditional	 upper-	
bound	 regression	 method	 make	 it	 prone	 to	 false	 positives	 (Wilson,	
Bitton,	Podos,	&	Mennill,	2013).	We	therefore	used	a	second	analytical	
method	to	validate	our	findings	using	the	more	traditional	method.	We	











reflect	 high	vocal	 performance	 (VP;	 Figure	1),	 although	 it	 is	 import-
ant	to	note	that	there	has	been	some	questioning	of	the	use	of	the	
word	“performance”	in	sexual	selection	research	as	performance	is	a	
nonneutral	 term	 (Kroodsma,	 2017).	 Experimental	 tests	 have	 shown	
that	this	measure	of	vocal	performance	has	biological	relevance	in	a	
number	of	species	 (Ballentine,	Hyman,	&	Nowicki,	2004;	Draganoiu,	














We	 obtained	 morphological	 measures	 (Figure	1)	 for	 the	 same	 276	
species	from	museum	specimens	(see	Tobias	et	al.,	2014).	To	capture	
morphological	 variation	 potentially	 associated	 with	 constraints	 on	



















the	 beak’s	 moment	 of	 inertia	 as	 beak	 width	×	depth	×	length,	 with	
length	to	an	unknown	power.	We	leave	the	power	unknown	because	







lished	 sources	 (Figure	2).	 Categories	 were	 (1)	 closed-	canopy	 forest	
(“closed”),	 (2)	 open-	canopy	woodland	 and	 shrublands	 (“semi-	open”),	
and	(3)	grasslands	and	desert	 (“open”).	We	used	this	scoring	system	

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Geositta peruvianaGeositta tenuirostrisGeositta punensis


















records	 from	 three	 general	 sources:	 specimens,	 recordings,	 and	 ob-
servational	 records.	 Specimen	 records	 were	 obtained	 from	 ORNIS	
(www.ornisnet.org).	Recording	records	were	obtained	from	Macaulay	
Library	 of	 Natural	 Sounds	 (Cornell	 Lab	 of	 Ornithology)	 and	 Xeno-	
Canto	 (www.xeno-canto.org).	 The	 coordinates	 of	 all	 documented	










variables	 from	 the	 BioClim	 database	 of	 present-	day	 climatic	 condi-
tions	 (Hijmans,	Cameron,	Parra,	Jones,	&	Jarvis,	2005)	and	obtained	
each	variable’s	mean	value	for	all	species.	To	reduce	redundancy	in	the	
climatic	 data	 set,	we	 calculated	pairwise	Pearson	 correlation	 coeffi-
cients	for	the	temperature	and	precipitation	variables	separately.	We	
retained	 temperature	and	precipitation	variables	 that	had	a	Pearson	
correlation	coefficient	<0.90	with	 respect	 to	mean	annual	 tempera-
ture	(Bio1)	and	mean	annual	precipitation	(Bio12).	Interpretability	was	
increased	by	purposefully	retaining	Bio1	and	Bio12.	We	retained	four	
temperature	 and	 five	 precipitation	variables:	 annual	mean	 tempera-
ture	(Bio1),	mean	diurnal	range	(Bio2),	isothermality	(Bio3),	tempera-
ture	 annual	 range	 (Bio7),	 annual	 precipitation	 (Bio12),	 precipitation	
of	 driest	month	 (Bio14),	 precipitation	 seasonality	 (Bio15),	 precipita-
tion	of	warmest	quarter	(Bio18),	and	precipitation	of	coldest	quarter	
(Bio19).	These	nine	climatic	variables	were	analyzed	with	the	prcomp	
function	 in	 the	R	 Language	 for	 Statistical	Computing	 (R-	Core-	Team,	
2016).	 Because	 the	 bioclimatic	variables	were	 in	 fundamentally	 dif-
ferent	 units	 for	 temperature	 (°C)	 and	 precipitation	 (mm),	 we	 used	
the	 correlation	 matrix	 as	 opposed	 to	 the	 covariance	 matrix	 (Flury,	









We	 used	 a	 calibrated	 species-	level	 phylogeny	 of	 the	 Furnariidae	
(Figure	2)	 inferred	 using	 three	mitochondrial	 (ND3,	CO2,	 and	ND2)	




vergence	 times	of	 the	most	 recent	 common	ancestor	of	12	 sets	of	
taxa	using	two	biogeographic	events:	the	closure	of	the	Panamanian	
Isthmus	(3	±	0.5	Ma	following	(Weinstock	et	al.,	2005))	and	the	uplift	
of	 the	 Eastern	 Cordillera	 of	 the	 northern	 Andes	 (3.6	Ma	 (Gregory-	
Wodzicki,	2000)	with	a	95%	age	interval	of	0.8–16	Ma).	We	allowed	




terior	 distribution	of	 topologies	 and	divergence	 times.	We	 selected	










ation	 in	 song	 structure.	 The	 dependent	 factors	 included	 the	 first	












We	 include	 an	 interaction	model	 only	 in	 analyses	using	 categorical	
measures	of	habitat	variation	and	not	in	analyses	with	habitat	treated	
as	 a	 continuous	 variable	 as	we	 have	 no	 a	 priori	 prediction	 of	 how	









the	effects	of	 the	 included	predictor	 and	 result	 in	mismodelling	 the	
underlying	determinants	of	a	given	behavior	 (Freckleton,	2011).	We	
thus	model	 collinear	predictors,	 as	AIC	 information	 theory	methods	














Brownian	motion	 (unconstrained	 random	walk),	 lambda	 (strength	of	
phylogenetic	effects),	kappa	(speciational	change),	and	delta	(exponen-
tial	 accelerating	or	decelerating	change).	We	used	 the	APE	 (Paradis,	
Claude,	 &	 Strimmer,	 2004)	 and	 nlme	 (Pinheiro,	 Bates,	 Debroy,	 &	
Sarkar,	2015)	libraries	for	a	fifth	model,	an	Ornstein–Uhlenbeck	(OU)	





on	 the	Q–Q	 plot	 approximately	 fit	 a	 straight	 line	 and	 that	 residual	
points	were	randomly	scattered.	Model	fit	was	evaluated	using	Akaike	
Information	Criterion	corrected	for	sample	size	(AICc)	(Akaike,	1973;	
























β	 from	either	 the	most	 parsimonious	model	 using	 the	MCC	 tree	or	
from	the	average	model	across	the	posterior	distribution,	depending	








cies,	 and	 narrower	 bandwidth),	 duration	 and	 number	 of	 notes	 load	
onto	 PC2	 (larger	 values	 of	 PC2	 indicate	 shorter	 songs	 with	 fewer	
notes),	and	pace	loads	onto	PC3	(larger	values	of	PC3	indicate	faster	
songs)	(Table	1).




−10,	 and	 R2	=	0.64).	 The	
upper	 bound	 describing	 this	 trade-	off	 was	 y	=	−79.374x	+	5066.2	
(R2	=	.55).







dropping	 models	 with	 uninformative	 parameters	 (Anderson	 &	





Body	 Size	 under	 the	 λ	 branch	 length	 transformation	 and	 garnered	
45%	 of	 the	 model	 weight	 (Table	2).	 All	 remaining	 models	 individ-
ually	 had	 less	 than	 16%	 of	 the	 total	weight.	As	 a	 parameter,	 Body	
Size	had	76.2%	of	the	weight	across	all	candidate	models,	providing	
strong	support	for	this	parameter	explaining	variation	in	song	spectral	
characteristics.	Birds	with	 larger	bodies	 sang	 lower	 frequency	songs	
(ER	>	178,	β	=	6.58	units	of	Song	PC1/unit	of	Body	Size;	Figure	3).	We	
found	 only	weak	 support	 for	 other	morphological	 or	 environmental	
parameters	explaining	variation	in	Song	PC1	(parameter	total	weights:	
Habitat	=	23.2%,	 Environmental	 PC1	=	20.9%,	 Beak	 Size	=	23.4%,	
Beak	Moment	=	9.6%).
Our	 findings	 for	 individual	 song	 spectral	 traits	 were	 generally	
consistent	with	results	for	Song	PC1.	Body	Size	received	strong	sup-
port	as	the	most	parsimonious	model	for	peak	frequency	(ER	>	581;	
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We	did	 not	 have	 a	 priori	 predictions	 under	 the	 sensory	 drive	
or	 magic	 traits	 hypotheses	 regarding	 song	 length	 or	 number	 of	
notes	 and	did	not	 find	 strong	evidence	of	habitat	or	morphology	
explaining	variation	in	these	two	features	of	song	(all	ER	<	8).	The	
most	 parsimonious	model	 for	 Song	 PC2	was	 the	 simplest	 model	
under	 the	 delta	 branch	 length	 transformation.	 We	 also	 found	




Body	 Size	 wi	=	0.22),	 such	 that	 song	 length	 increases	 with	 beak	
size	 (β	=	0.39).	 An	 average	 model	 for	 number	 of	 notes	 includes	
Habitat,	 Body	 Size,	 and	 Beak	 Size,	 but	 Habitat	 receives	 higher	
weight	than	either	morphological	parameter	(Habitat	=	0.90,	Beak	
Size	=	0.34,	 Body	 Size	=	0.31),	 such	 that	 the	 number	 of	 notes	 in	
a	 song	 increases	 as	 habitats	 become	 more	 open	 (Habitat	 semi-	
open	β	=	0.14,	Habitat	open	β	=	0.33).	However,	 consistently	 low	
evidence	 ratios	 for	 traits	 associated	with	Song	PC2	 indicate	high	
model	selection	uncertainty.
Consistent	 with	 predictions,	 we	 found	 that	 both	 morphology	
and	habitat	explain	variation	 in	song	pace.	For	Song	PC3,	we	 found	
strong	 evidence	 for	 top	 additive	 models	 including	 the	 parameters	
Beak	 Size,	 Beak	 Length,	 Body	 Size,	 and	 Habitat	 (ER	 range:	 9,489–
24,364).	Considering	the	average	additive	model,	Beak	Size	received	




















Trait Song PC1 Song PC2 Song PC3
Peak	frequency −0.97 −0.08 0.05
Frequency	bandwidth −0.70 0.00 −0.46
Maximum	frequency −0.98 −0.07 −0.11
Minimum	frequency −0.73 −0.11 0.40
Song	duration 0.14 −0.79 −0.48
Number	of	notes 0.14 −0.96 −0.01
Pace −0.02 −0.49 0.71







Trait Signal ΔAICca wb ERc
Song	PC1 Body	Size 0.45 178
PEAK Body	Size 0.42 581
BW Habitat 0.29 6
MAXF Body	Size 0.46 99
MINF Body	Size	+	Habitat 0.36 6,179
MINF Beak	Size	+	Habitat 1.44 0.18 3,001
Song	PC2 Constant 0.13 0
DUR Beak	Size 0.17 2
DUR BODY	size 1.53 0.08 1




Song	PC3 Body	Size	+	Habitat 0.23 0.12 21,681
Song	PC3 Beak	Moment 0.75 0.09 16,729
Song	PC3 Beak	Size	+	Habitat 1.89 0.05 9,489
PACE Beak	Size	+	Habitat 0.14 2,411
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Considering	 that	pace	 loaded	most	 strongly	onto	Song	PC3,	we	
found	similar	results	for	pace.	For	pace,	we	found	strong	evidence	for	
the	 most	 parsimonious	 models	 of	 Beak	 Size	+	Habitat	 (ER	>	2,411)	
and	Body	Size	+	Habitat	(ER	>	1,831).	Considering	how	these	parame-
ters	contributed	to	an	average	model,	Habitat	had	the	highest	weight	
(77.1%)	 followed	 by	 Beak	 Size	 (71.1%).	 Again,	 Body	 Size	 received	
very	low	total	parameter	weight	(28.9%)	and	as	such	is	probably	not	
important.	Song	pace	 is	 faster	 in	more	open	habitats	 (Habitat	 semi-	
open	 β	=	0.98,	 Habitat	 open	 β	=	0.22),	 and	 birds	 with	 larger	 beaks	
(β	=	−0.56)	produced	slower	songs	(Table	3).
Consistent	 with	 predictions,	 beak	 moment	 best	 explained	 vari-
ation	 in	 vocal	 performance,	 but	 unexpectedly,	 the	 strength	 of	 this	
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important	parameter	for	spectral	features	of	song,	whereas	beak	size	
was	more	 important	 for	 temporal	 and	performance	 features.	 These	
results	make	sense	because	body	size	 is	primarily	 thought	 to	affect	
sound	production,	 specifically	 the	 frequencies	of	sound	which	birds	
can	produce	efficiently,	whereas	beak	size	is	primarily	thought	to	af-
fect	sound	modification.









bird	 song	 correlate	with	 beak	 size,	 such	 that	 birds	with	 larger	 beak	
size	produce	slower	paced	songs	at	lower	performance.	Our	findings	
agree	with	other	studies	showing	an	effect	of	beak	size	on	the	pace	
of	 sound	production	 (Huber	&	Podos,	 2006;	 Seddon,	2005)	 and	on	
the	 performance	 of	 a	 trade-	off	 between	 song	 pace	 and	 bandwidth	
(Ballentine,	2006;	Huber	&	Podos,	2006;	Podos,	2001),	 including	 in	
the	woodcreepers,	a	subclade	of	the	ovenbird	family,	as	currently	de-
fined	 (Derryberry	et	al.,	 2012).	 Specifically,	we	 find	 that	 larger	beak	
size	 is	 associated	with	 slower	 paced	 and	 lower	 performance	 songs.	
Thus,	our	 results	 suggest	 that	 as	ovenbirds	have	diversified	 in	beak	



















higher	 moment	 of	 inertia	 (as	we	 approximated	 it)	 are	 more	 limited	
in	vocal	performance,	such	that	ovenbirds	with	 larger	beak	moment	




The	key	mechanism	underlying	 “magic	 trait”	 speciation	 (Gavrilets,	
2004;	Thibert-	Plante	&	Gavrilets,	2013)	is	the	linkage	between	a	trait	
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selection	(here,	beak	and	body	size).	When	we	consider	body	size	and	
beak	 size	 as	 predictors	 in	 our	models,	we	 find	 that	morphology	 cor-
relates	strongly	with	variation	in	song	pitch,	pace,	and	performance.	As	




larger	 beaks	 sing	 lower,	 slower	 songs	 at	 a	 lower	 vocal	 performance,	
whereas	birds	with	 small	beaks	produce	more	variable	 songs	 ranging	
from	low,	slow	songs	to	high,	fast	songs.	Any	increase	in	beak	size	may	
lead	 to	 song	divergence	 from	ancestral	 lineages,	with	beak	 size	 then	
acting	as	a	magic	trait.	Although	it	is	less	certain	that	decreases	in	beak	
size	would	necessarily	 lead	 to	 signal	divergence,	 such	decreases	may	
remove	constraints	on	sound	modification,	 allowing	songs	 to	diverge	
into	new	acoustic	space	(e.g.,	higher,	faster	songs).	Although	beaks	have	


















that	 our	 categorical	measure	 of	 habitat	was	 a	 competitive	model	







explaining	 variation	 in	 the	 number	 of	 notes	 in	 a	 song,	with	 birds	
in	more	open	habitats	having	more	notes.	Altogether,	these	results	
suggest	 that	 the	 influence	 of	 direct	 ecological	 drivers	 of	 song	di-






has	 not	 acted	 on	 the	 spectral	 components	 of	 song	 in	 ovenbirds,	
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1982).	Minimum	 frequencies	 of	 ovenbird	 songs	 are	 above	 1	kHz,	
and	 the	peak	 and	maximum	 frequencies	 of	most	 songs	 are	 lower	
than	 4–5	kHz,	 thus	 occupying	 the	 band	 of	 intermediate	 frequen-
cies	 (1–4	kHz)	 that	 do	 not	 suffer	 much	 variation	 in	 attenuation	
between	 habitats	 (Linskens	 et	al.,	 1976).	 While	 direct	 ecological	
selection	may	have	played	a	 role	 in	 limiting	 the	overall	 frequency	
range	 of	 ovenbird	 songs,	 it	 is	 not	 possible	 to	 determine	whether	
sensory	 drive	 has	 selected	 against	 songs	 outside	 this	 frequency	
band,	 or	 alternatively	 whether	 song	 phenotypes	 have	 not	 diver-
sified	 completely	 into	 potential	 acoustic	 space	 (e.g.,	 frequencies	
above	5	kHz	in	open	habitats)	because	of	morphological	constraints	
or	 conservatism	 of	 ancestral	 traits.	 However,	 it	 seems	 plausible	
that	 restriction	 to	 the	 ideal	 frequency	window	 limits	 the	 strength	
of	habitat-	mediated	sensory	drive	on	spectral	components	of	song	
in	ovenbirds.
Although	 habitat	 as	 a	 categorical	 measure	 was	 an	 important	
parameter	for	a	number	of	song	traits,	our	continuous	measure	of	
habitat	 (Environment	PC1)	did	not	help	to	explain	variation	 in	any	






Our	 findings	 suggest	 that	 variation	 in	 the	 signaling	 environment	
and	constraints	on	sound	modification	act	 independently	on	song	
pace.	 In	 contrast,	we	 found	 evidence	 of	 both	 direct	 and	 indirect	
selection	interacting	to	explain	divergence	in	song	performance.	A	
measure	of	 the	 trade-	off	between	 torque	and	velocity	 (beak	mo-
ment)	 was	 the	most	 important	 parameter	 fitted	 to	 vocal	 perfor-
mance,	yet	this	relationship	varied	across	habitats,	such	that	vocal	











family	 (Tobias	et	al.,	 2014).	However,	we	are	 able	 to	 rule	out	 the	





bandwidth	would	 decrease	 in	more	 closed	 habitats	 and	 for	 birds	























different	 potential	 “magic	 traits”	 can	 have	 contrasting	 effects	 on	
signal	diversification.	Our	work	highlights	 the	 importance	of	both	






individuals	who	 collected	 specimens,	 tissue	 samples,	 and	 sound	 re-
cordings,	as	well	as	 to	 the	 institutions	granting	access	 to	 these	ma-
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